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ABSTRACT 

We present the results of observations of the Irr galaxy IC 10 at the 6-m SAO telescope with the 
panoramic Multi-Pupil Fiber Spectrograph (MPFS). Based on the results of these observations 
and our long-slit spectroscopy performed previously, we have investigated the ionized-gas emission 
spectrum in the region of intense star formation and refined the gas metallicity estimates. We 
show that the "diagnostic diagrams" constructed from our observations agree best with the new 
improved ionization models by Martfn-Manjon et al. Using these models, we have determined 
the electron density and gas ionization parameter and ionizing-cluster characteristics, the age 
and mass, from the spectra of the investigated HII regions. The cluster age and mass are shown 
to be within the ranges 2.5 - 5 Myr and (0.2 - l)xlO^M0, respectively. 

Subject headings: dwarf Irr galaxies, IC 10, star-forming regions, spectra, ages, photoionization models 
of HII regions. 



INTRODUCTION 

Studies of Local Group irregular galaxies open 
optimal possibilities for investigating the struc- 
ture, kinematics, and chemical composition of the 
gaseous medium and their changes not only dur- 
ing the evolution of Irr galaxies but, according to 
present views, also during the evolution of massive 
galaxies. The topicality of detailed studies of the 
gas emission spectrum and ionization conditions in 
the nearest dwarf Irr galaxy IC 10 is determined 
by a number of its peculiarities. The anomalously 
large number of Wolf-Rayet (WR) stars in IC 10 
arouses the greatest interest. The space density of 
WR stars here is highest among the dwarf galax- 
ies, comparable to that in massive spiral galaxies 
(Massey et al. 1992; Richer et al. 2001; Massey 
and Holmes 2002; Crowther et al. 2003; Vacca 
et al. 2007). The stehar population of IC 10 
is indicative of both a recent starburst (t=3 - 
10 Myr) and an older starburst {t > 350 Myr) 
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(Hunter 2001; Zucker 2002; Massey et al. 2007; 
Vacca et al. 2007; and references therein). The 
high Ha and infrared luminosities and the anoma- 
lously large number of WR stars in IC 10 suggest 
that the last starburst was short but it affected 
the bulk of the galaxy. 

The gas and stellar compositions of the galaxy 
have been well studied (and are being intensively 
studied). Not coincidentally, it is for IC 10 that 
Yin et al. (2010) performed detailed model calcu- 
lations of the evolution of the chemical composi- 
tion in an Irr galaxy for various star formation and 
galactic wind regimes. 

In this paper, we continue our studies of the 
gas emission spectrum in the dwarf Irr starburst 
galaxy IC 10 begun by Lozinskaya et al. (2009). 
The main objective of the first paper was to de- 
termine the gas metallicity in about twenty HII re- 
gions and in the synchrotron suberbubble from 
our observations of the galaxy at the 6-m SAO 
telescope with the SCORPIO focal reducer in the 
long-slit mode (the chemical composition of only 
the three brightest nebulae in the galaxy was 
known previously; see Lozinskaya et al. (2009) and 
references therein.) The paper by Magrini and 
Gongalves (2009), who determined the chemical 
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composition of many HII regions and planetary 
nebulae in IC 10, appeared in the same year. 

The main goal of our new paper is to analyze 
the emission spectrum and gas ionization state 
by the galaxy's stellar population. This study 
is based on our observations performed at the 6- 
m SAO telescope with the panoramic Multi-Pupil 
Fiber Spectrograph (MPFS). Since these observa- 
tions are interpreted in terms of the new improved 
ionization models by Martfn-Manjon et al. (2009) 
and are compared with the new computations by 
Levesque et al. (2009), we deemed it appropriate 
to also reconsider the results of our long-slit spec- 
troscopy presented in Lozinskaya et al. (2009) in 
terms of these models. The data on the stellar 
population of IC 10 were also updated significantly 
over the year: two papers devoted to the search 
for star clusters in the galaxy appeared simultane- 
ously (Tikhonov and Galazutdinova 2009; Sharina 
et al. 2009). Previously, Hunter (2001) identified 
clusters only in the region of intense current star 
formation and in its immediate neighborhood; in 
the mentioned new papers, the investigated galac- 
tic regions were extended and the number of clus- 
ters increased significantly. 

The most interesting region that we studied in 
greatest detail is the bright complex of ionized 
gas in the southeastern section of the galaxy, in 
which the last starburst episode most likely oc- 
curred in IC 10 (Vacca et al. 2007). Here, there are 
the densest HI cloud, a molecular CO cloud, and 
a complex of emission nebulae about 300-400 pc 
in size, including two bright shell nebulae, HLlll 
and HL106 (according to the catalog by Hodge 
and Lee (1990)), as well as the youngest star clus- 
ters and ten WR stars (Leroy et al. 2006; Wilcots 
and Miller 1998; Gil de Paz et al. 2003; Lozin- 
skaya et al. 2009; Egorov et al. 2010; and refer- 
ences therein). The size of the shell HLlll de- 
termined by its three arc parts HLlllc, HLllld, 
and HLllle is about 10" or 39 pc. An object pre- 
viously identified as the WR star M24 (in what 
follows, the WR stars from the lists by Royer 
et al. (2001) and Massey and Holmes (2002) are 
denoted by the letters R and M, respectively) is lo- 
cated in the nebula HLlllc, which represents the 
brightest part of the shell. According to present 
views (see Vacca et al. 2007), M24 is a close group 
of stars that consists of at least six blue stars; four 
of them are possible WR candidates. 



The galaxy's Ha and [SII] images reveal fainter 
multiple shells and supershells with sizes from 
50 pc to 800-1000 pc outside this brightest com- 
plex (Zucker 2000; Wilcots and Miller 1998; Gil 
de Paz et al. 2003; Leroy et al. 2006; Chyzy 
et al. 2003; Lozinskaya et al. 2008). Some of the 
MPFS fields and long-slit spectrograms are local- 
ized in these faint regions. 

A unique object, the so-called synchrotron 
suberbubble, is adjacent to the central bright star 
formation complex on the south. Lozinskaya and 
Moiseev (2007) were the first to explain the for- 
mation of the synchrotron superbubble by a hy- 
pernova explosion; previously, its formation was 
associated with multiple explosions of about ten 
supernovae (Yang and Skillman 1993; BuUejos 
and Rozado 2002; Rosado et al. 2002; Thurow 
and Wilcots 2005). 

In the succeeding sections, we describe our ob- 
servations, present and discuss our results, and, in 
conclusion, summarize our main conclusions. 

All radial velocities here are heliocentric; the 
distance to the galaxy is taken be 800 kpc (the 
angular scale is ~ 3.9 pc/") (Sanna et al. 2009; 
Tikhonov and Galazudtdunova 2010). 

OBSERVATIONS AND DATA REDUC- 
TION 

MPFS Observations 

The selected galactic regions were observed 
with the panoramic Multi-Pupil Fiber Spectro- 
graph (MPFS) mounted at the prime focus of the 
6-m telescope (see Afanasiev et al. (2001) and 
the web site|3). The detector was an EEV 42-20 
2048 X 2048-pixel CCD array. The spectrograph 
can simultaneously record the spectra from 256 
spatial elements (spaxels) (in the shape of square 
lenses) that constitute a 16 x 16-spaxel array in 
the plane of the sky. The angular size of a single 
spaxel is 1". 

In this paper, we use the spectra of five fields 
with a resolution of about 6.5 A in the wave- 
length range 3990-6940 A taken for IC 10 (in the 
sixth field around the WR star M23, the emission 
turned out to be very weak.) The localization of 
the MPFS fields in the galactic image is shown in 
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Fig. 1. — Localization of five long-slit spectrograms and six MPFS fields in the Ha image of IC 10: (a) the 
entire galaxy and (b) the brightest region of current star formation. The MPFS fields arc designated 
according to their central WR star; the long-slit spectrograms, as in Lozinskaya et al. (2009), are designated 
according to their position angle. The asterisks mark the spectroscopically confirmed WR stars from the lists 
by Royer et al. (2001) and Massey and Holmes (2002). The circles indicate the star clusters from the lists by 
Hunter (2001) and Tikhonov and Galazutdinova (2010); the crosses indicate the centers of the clusters from 
the list by Sharina et al. (2009). The clusters used in the text are denoted by the letter T and the number 
from the list by Tikhonov and Galazutdinova (2010). Also shown are the HH regions over which the lines 
presented in Table 3 were integrated. 



Fig. 1; the fields are designated according to the 
central WR star. 

We reduced the observations using the software 
developed at the SFVO laboratory of the SAO, 
the Russian Academy of Sciences, and running in 
the IDL environment. The spectra of the stars 
BD-F75''325 and G191-B2B observed immediately 
after the object were used for energy calibration. 
The result of this reduction is a "data cube" in 



which a 2048-pixel spectrum corresponds to each 
spaxel of the 16" x 16" image. 

Long-Slit Spectroscopy 

We also used the observations of IC 10 with 
the SCORPIO instrument (for a description, 
see Afanasiev and Moiseev 2005) operating in 
the long-slit mode. The observations were per- 
formed with a slit about 6' in length and 1" in 
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Fig. 1.— (Contd.) 
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width; the scale along the slit was 0.36" per pixel. 
The technique of these observations and the re- 
sults obtained are described in detail in Lozin- 
skaya et al. (2009). 

For five slit positions designated in accordance 
with their position angles as PAG, PA45, PA132, 
PA268, and PA331, we took spectra with a res- 
olution from 2.5 to 9 A. The localization of the 
spectrograms is shown in Fig. 1. 

To increase the signal-to-noise ratio for faint 
emission regions, we performed an averaging over 
individual nebulae when processing the spectro- 
grams; the region of integration was from 2 to 20" 
in size. 

The ranges of errors given below in the tables 
and figures correspond to 3f7. 

A log of MPFS and SCORPIO long-slit obser- 
vations is presented in Table 1. Its columns give: 
(1) — MPFS field designated according to the cen- 
tral WR star or spectrogram designated accord- 
ing to its position angle; (2) — date of observa- 
tions; (3) — spectral range; (4) — spectral resolu- 
tion; (5) — total exposure time; (6) — "seeing" . 

Here, we also partly use the observational 
data obtained with SCORPIO in the mode of 
a Fabry-Perot interferometer in the Ha and [SII] 
lines presented previously in Egorov et al. (2010). 

RESULTS OF OBSERVATIONS 

The localization of the six MPFS fields and five 
long-slit spectrograms that were analyzed in de- 
tail in Lozinskaya et al. (2009) and partially used 
in this paper in the Ha image of the galaxy is 
shown in Fig. 1. The spectroscopically confirmed 
WR stars from the lists by Royer et al. (2001) and 
Massey and Holmes (2002) as well as the star clus- 
ters from the lists by Hunter (2001), Tikhonov and 
Galazutdinov (2010), and Sharina et al. (2010) are 
labeled in the figure. 

In the list of cluster coordinates presented by 
Tikhonov and Galazutdinova (2010) and in the 
coordinates of the M24 group of stars in Vacca 
et al. (2007), we revealed a shift by about 2". 4 
related to the referencing of the coordinate sys- 
tem of HST observations. After an appropriate 
refinement of the coordinates (Vacca, private com- 
munication; Galazutdinova, private communica- 
tion), the localizations of the common clusters in 
the three mentioned lists in Fig. 1 agree well in 



most cases (the refined coordinates are given in 
the updated version of the paper by Tikhonov and 
Galazutdinova (2009): arXiv:1002.2046vl [astro- 
ph.GA]) 

For the convenience of identification, the HII re- 
gions from the list by Hodge and Lee (1990) men- 
tioned in the text and the synchrotron superbub- 
ble (denoted by SS in Fig. la) are also labeled in 
Figs, la and lb. The two separate areas of the 
nebula HLlllc in Fig. lb and in Table 3 (see be- 
low) are designated as HLlllc-1 and HLlllc-2. 

The observations of several galactic regions 
were performed both with the MPFS and long-slit 
spectrograph (see Fig. 1), which allows the actual 
accuracy of our measurements to be estimated. 
For this purpose, we determined the integrated 
relative intensities of several lines for the regions 
falling into the spectrograph slit and cut out the 
same regions in the corresponding MPFS field. 
Table 2 gives the relative line intensities in the 
same region measured from our long-slit spectro- 
grams and MPFS observations. As we see, the 
agreement is good everywhere, within the error 
limits. 

Previously (Lozinskaya et al. 2009), we made 
sure that the measurements made from two long- 
slit spectra at the points of their intersection are 
also in good agreement, given the difference be- 
tween the regions of integration of the fluxes for 
different slit orientations. 

The results of our processing of the MPFS spec- 
tra are presented in Table 3. Its columns give: 
(1)— MPFS field used and name of the HII re- 
gion or its part over which the line flux was 
integrated; (2), (3), and (4) — integrated rel- 
ative line intensities /([OIII]4959,5007)//(H;3), 
/([SII]6717,31)//(Ha), and /([NII]6584)//(Ha), 
respectively. The regions over which the integra- 
tion was performed are shown in Figs, la and lb; 
the two parts of the bright nebula HLlllc are 
marked by the indices 1 and 2. 

The relative line intensities averaged over the 
long-slit spectroscopic observations of the investi- 
gated nebulae are listed in Table 3 from Lozin- 
skaya et al. (2009). 

As an example. Fig 2 shows the distribution 
maps of relative line intensities: /([SIIJA6717 -I- 
673lA)//(Ha), /([NII]A6584A)//(Ha), and 
/([OIII] A5007 + 4959A) //(H/3) for the MPFS field 
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Table 1: Log of observations 



MPFS field/spectrum (PA) 


Date 


Range A A, A 


5X, A 




seeing 


MPFS M24 


Aug. 8/9, 2004 


3990 6940 


6.5 


2700 


1.7 2.0 


MPFS RIO 


Aug. 8/9, 2004 


3990-6940 


6.5 


1800 


1.4 


MPFS M12 


Sop. 28/29, 2005 


3990-6940 


6.5 


3600 


2.0 


MPFS R12 


Sep. 28/29, 2005 


3990-6940 


6.5 


3600 


2.0 


MPFS M2 


Aug. 8/9, 2004 


3990-6940 


6.5 


1200 


1.5 


MPFS M23 


Sep. 28/29, 2005 


3990-6940 


6.5 


2400 


2.5 


PAO 


Aug. 17/18, 2006 


3620-5370 


5 


6000 


2.5 


PAO 


Sep. 2/3, 2008 


5650-7340 


5 


3600 


2.1 


PA132 


Aug. 17/18, 2006 


3620-5370 


5 


4800 


1.4 


PA132 


Aug. 18/19 2006 


5650-7340 


5 


3600 


1.4 


PA268 


Feb. 14/15, 2007 


6060-7060 


2.5 


1200 


1.4 


PA268 


Jan. 15/16, 2008 


3620-5370 


5 


4800 


1.5 


PA45 


Oct. 29/30, 2008 


3650-7350 


9 


3600 


1.0 


PA331 


Oct. 28/29, 2008 


3650-7350 


9 


6000 


0.9 



Table 2: Relative line intensities in the regions of intersection between the spectrograph slits and MPFS 

fields 



MPFS and 


log(/([OIlI]4959.5007)//(Hfl)) 


log(/([SII]6717,31)//(Hn:)) 


log(/([NII]6584)//(HQ)) 


spectrum 








M24 


0.69 ±0.02 


-0.97 ±0.07 


-1.31 ±0.05 


PA268 


0.66 ±0.02 


-0.97 ±0.02 


-1.33 ±0.02 


M24 


0.70 ± 0.02 


-0.98 ±0.07 


-1.27 ±0.04 


PAO 


0.67 ±0.03 


-0.86 ±0.02 


-1.32 ±0.02 


M12 


0.47 ±0.08 


-0.32 ± 0.09 


-0.84 ±0.08 


PA331 


0.45 ±0.07 


-0.42 ± 0.02 


-1.00 ±0.05 


M12 


0.41 ±0.08 


-0.21 ±0.07 


-0.84 ±0.09 


PA132 


0.34 ±0.09 


-0.18 ±0.02 


-0.75 ±0.04 


RIO 


0.43 ±0.13 


-0.42 ± 0.09 


-0.93 ±0.05 


PAO 


0.58 ±0.11 


-0.57 ±0.05 


-0.93 ±0.03 
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a) [SII]6717,31/Ha + Ha (contours) b) [NII]6584/Ha + Ha (contours) 

0.05 0.4 0.04 0.25 




-5 5 -5 5 



c) [OIII]5007,4959/Hp + Ha (contours) 

2.0 6.0 




-5 5 

AX, arcsec 



Fig. 2. — Distribution maps of relative line intensities: /([SII]A6717 -I- 673lA)//(Ha) (a), 
J([NII]A6584A)//(Ha) (b), and /([OIII]A5007-f-4959A)/J(H/3) (c) for the MPFS field M24 (the region of 
the shell nebula HLlll). The arrows in the upper left corner of the panels indicate the direction northward 
and eastward. The contours give the Ha intensity. 
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Table 3: Relative line intensities from our MPFS observations 



MPFS field and HII region 


/([OIII]4959,5007)//(H/3) 


/([SII]6717,31)//(Ha) 


/([NII]6584)//(Ha) 


M24 HLlllc 


4.74 ±0.39 


0.123 ±0.038 


0.058 ±0.015 


M24 HLlllc-1 


5.13 ±0.44 


0.131 ± 0.027 


0.058 ±0.011 


M24 HLlllc-2 


5.32 ±0.14 


0.087 ±0.009 


0.063 ±0.025 


M24 HLllld 


4.91 ±0.62 


0.156 ±0.036 


0.066 ±0.016 


M24 HLllle 


3.98 ± 0.40 


0.212 ± 0.063 


0.083 ±0.015 


M12 HLIOO 


1.93 ±0.57 


0.66 ±0.14 


0.162 ±0.022 


M12 HLllla 


4.00 ± 1.50 


0.38 ±0.09 


0.123 ±0.023 


RIO HL106 


2.49 ± 0.73 


0.39 ±0.09 


0.129 ±0.004 


RIO HL106a 


2.89 ±0.69 


0.25 ±0.04 


0.102 ±0.018 


R12 HL97 


5.8 ±2.4 


0.52 ±0.12 


0.153 ±0.044 


R12 HL98 


3.4 ± 1.2 


0.75 ±0.25 


0.165 ±0.033 


M2 HL4 


4.6 ±3.6 


0.73 ±0.22 


0.162 ±0.128 


M2 HL6 


8.4 ±5.8 


0.40 ±0.18 


0.117 ±0.046 



M24. The contours indicate the Ha intensity. 

DISCUSSION 

Below, we compare the results of our observa- 
tions of the emission spectrum for HII regions of 
IC 10 with two new works on the evolutionary 
modeling of the emission spectrum for the ion- 
ized gas that surrounds a young star cluster as a 
function of the gas metallicity and the cluster age 
and mass (Lcvcsque et al. 2009; Martm-Manjon 
et al. 2009). In both works, the emission spectrum 
of HII regions is modeled for starbiirst galaxies and 
the results of the computations are particularly 
interesting for our case of a low gas metallicity 
in IC 10. 

The parameters needed to compare the results 
of our observations with the mentioned model cal- 
culations are primarily the gas density and metal- 
licity in the galaxy's HII regions. 

Estimating the Density of the Gaseous 
Medium 

We found the electron density in the investi- 
gated nebulae of IC 10 from the [SIX] doublet line 
intensity ratio from our MPFS observations to be 
within the range A'e — 20 - 250 cm~^. In par- 
ticular, the density reaches A^e — 60 - 100 cm~^ 
in the nebula HLlllc representing the brightest 
part of the shell HLlll and drops to iVg ~ 20 - 
50 cm~^ in the fainter regions of HLlll. The re- 
sults are presented below in Table 5, which gives 



the nebular-averaged densities obtained from our 
MPFS and long-slit spectroscopic observations. 

Estimating the Metallicity of the Gaseous 
Medium 

The oxygen abundance in individual HII re- 
gions of IC 10 found in Lozinskaya et al. (2009) 
from long-slit spectroscopy lies within the range 
12 ± log(0/H) = 7.59 - 8.52; the mean metallic- 
ity of the gaseous medium in the galaxy is 12 + 
log(0/H) ~ 8.17 ± 0.35 or Z = (0.18 ± 0.14)^©. 
The oxygen abundance variations in HII regions 
of IC 10 turned out to be large; we showed that 
they are attributable not only to the measurement 
errors of the line intensities but also to the real dif- 
ferences in the galaxy's bright and faint ionized- 
gas regions. 

The new results of our MPFS observations al- 
low the data from Lozinskaya et al. (2009) to be 
supplemented. It also seems interesting to use 
a different metallicity estimation technique pro- 
posed by Pettini and Pagel (2004) both to in- 
terpret our MPFS observations and to refine our 
long-slit spectroscopic data. 

The oxygen abundance was estimated in Lozin- 
skaya et al (2009) from the relations found by Pi- 
lyugin and Thuan (2005) using the calibration de- 
pendence of 12 ± log(0/H) on the relative inten- 
sities of strong [OH] and [OIII] lines. To estimate 
the abundances of oxygen and nitrogen and sul- 
fur ions, we also used Eqs. (6) and (8) from Iso- 
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tov ct al. (2006). 

Yet another estimate of the oxygen abundance 
in HII regions can be obtained by the method 
proposed by Pettini and Pagel (2004) using the 
interstellar-extinction-independent ratio of the rel- 
ative line intensities 

J( [QUI] 5007) /J(H^) 
/([Nil] 6584) //(Ha) ' 

According to this paper, the oxygen abundance 
is defined by the relation 

12 + log(0/H) = 8.73 - 0.32 x 03N2, 

where 

03N2 = logM^-log.^([^"]^^^^^ 



J(Ha) 



. In this case, the oxygen abundance is reliably 
estimated at 03N2 < 1.9. Note that Bresolin 
et al. (2004) also confirmed that this relation 
works well in the range 12 + log(0/H) < 8.4. 

Based on our MPFS observations, we estimated 
here the oxygen abundance 12 + log(0/H) by the 
above method for the individual nebulae HLlllc, 
HLllld, and HLllle that form the shell structure 
of HLlll around the M24 group of WR stars, for 
the two HII regions HLllla and HLIOO around 
the Wolf-Rayet WC4 star M12, and for the neigh- 
borhoods of the stars RIO (HL106 and HL106a), 
R12 (HL97, HL98), and M2 (HL4, HL6). The re- 
sults are presented in Table 4. Its columns give: 
(1) — name of the HII region; (2) — 03N2 param- 
eter; (3), (4), and (5) — derived relative O, N+, 
and S+ abundances, respectively. As follows from 
the table, the oxygen abundance 12 + log(0/H) 
for all nebulae varies within the range from 8.15 
to 8.43. The minimum value corresponds to the 
center of current star formation in the vicinity 
of M24, with the exception of the southwestern 
fragment HLllle, where is is slightly higher. In 
the remaining HII regions investigated with the 
MPFS, the oxygen abundance is slightly higher 
and, on average, is close to 8.3. 

We used the same method by Pettini and 
Pagel (2004) to reestimate the oxygen abundance 
in HII regions based on our long-slit spectroscopy. 
The results arc also presented in Table 4. Compar- 
ison with the results from Lozinskaya et al. (2009) 



shows that this method allows the scatter of oxy- 
gen abundance estimates to be reduced consid- 
erably compared to the method based on strong 
[OH] and [OIII] lines that we used previously. 

To estimate the N+ and S"'' abundances, we, 
as in Lozinskaya et al. (2009), used Eqs. (6) 
and (8) from Isotov et al. (2006), which in- 
clude the extinction-dependent relative intensities 
J([NII]A6548 + 6584A)//(H/3) and /([SII]A6717 + 
673lA)/J(H/3). Therefore, we slightly modified 
their reduction technique to eliminate the possi- 
ble errors related to the uncertainty in the cor- 
rection for interstellar extinction during long-slit 
spectroscopic observations (the blue and red re- 
gions for spectrograms PAO, PA132, and PA268 
were observed on different nights). In contrast 
to Lozinskaya et al. (2009), we did not correct 
the observed ratios for the color excess in the 
corresponding region but took the "theoretical" 
ratio /(Ha):/(H/3) = 2.86 : 1.00, which, according 
to Aller (1984), is valid for typical electron den- 
sity in a star-forming region of 20 -300 cm^'' and 
electron temperature of ~ 10 000 K. The relative 
abundances 12-|-log(N+/H) and 121og(S+/H) re- 
fined in this way are presented in the last two 
columns of Table 4. 

During our MPFS observations, we took the en- 
tire spectrum with the same exposure time and no 
problems with the extinction estimation arose. 

We emphasize that the possible errors in the 
correction for interstellar extinction do not affect 
the oxygen abundance estimated by the method 
of Pettini and Pagel (2004) , which is derived from 
the relative intensities of "neighbouring" lines. 

According to Pettini and Pagel (2004), the dis- 
persion of the dependence of the oxygen abun- 
dance on the ratio of /[OIII(5007)]//(H;3) to 
/[NII(6584)]//(Ha) is ±0.25 dex. However, com- 
parison of our estimates from the MPFS and long- 
slit spectra shows agreement with an accuracy of 
at least ±0.05 dex. Therefore, the observed differ- 
ence between the oxygen abundances in different 
HII regions of IC 10, about 0.1 dex, seems real to 
us. 

The oxygen abundance variations in the in- 
terstellar medium of IC 10, up to several tenths 
of dex, were considered in detail by Magrini and 
Goncalves (2009), who pointed out the region 
of the most constant oxygen abundance 12 + 
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Table 4: Estimates of the O, N+, and 8+ abundances from our MPFS and long-slit spectroscopic observations 



Region 


03N2 


12 + log(0/H) 


12 ± log(N+/H) 


12 + lg(S+/H) 


MPFS observations 


HLlllc 


1.79 ±0.12 


8.16 ±0.04 


6.51 ±0.10 


5.91 ±0.13 


HLllld 


1.75 ±0.12 


8.17 ±0.04 


6.56 ±0.11 


6.02 ±0.10 


HLllle 


1.56 ±0.09 


8.23 ±0.03 


6.67 ±0.08 


6.16 ±0.13 


HLIOO 


0.95 ±0.14 


8.43 ±0.04 


7.21 ±0.15 


6.89 ±0.17 


HLllla 


1.39 ±0.18 


8.29 ± 0.05 


6.95 ±0.10 


6.50 ±0.12 


HL106 


1.16 ±0.18 


8.36 ±0.05 


6.81 ±0.33 


6.43 ± 0.43 


HL106a 


1.32 ±0.13 


8.31 ±0.03 


6.61 ±0.11 


6.08 ±0.14 


HL97 


1.46 ±0.21 


8.26 ±0.06 


6.93 ±0.28 


6.54 ±0.31 


HL98 


1.19 ±0.18 


8.35 ±0.05 


7.17 ±0.41 


6.92 ±0.42 


HL4 


1.33 ±0.48 


8.30 ±0.16 


7.28 ±0.41 


6.24 ±0.22 


HL6 


1.71 ±0.36 


8.18 ±0.12 


7.51 ±0.22 


7.02 ±0.12 


Long-slit spectroscopy 


HLllla 


1.24 ±0.14 


8.33 ±0.04 


6.73 ±0.13 


6.10 ±0.03 


HLlllb 


1.01 ±0.02 


8.41 ±0.01 


6.86 ±0.02 


6.09 ±0.01 


HLlllc 


1.71 ±0.01 


8.18 ±0.01 


6.45 ± 0.10 


5.67 ±0.09 


HLllld 


1.48 ±0.01 


8.26 ±0.01 


6.70 ±0.01 


5.95 ±0.01 


HLllle 


1.38 ±0.01 


8.29 ±0.01 


6.69 ±0.02 


5.97 ±0.01 


HL106 


1.44 ±0.16 


8.27 ±0.05 


6.65 ±0.23 


6.00 ±0.07 


SS 


0.73 ±0.28 


8.50 ±0.09 


7.07 ±0.26 


6.61 ±0.10 


HL37 


1.83 ±0.37 


8.15 ±0.12 


6.71 ±0.34 


5.86 ±0.05 


HL45 


2.03 ±0.02 


8.08 ± 0.01 


6.13 ± 0.10 


5.74 ±0.01 


HL5() 


1.72 ± 0.2.") 


8.1<S ± 0.08 


(i..")4±().39 


5.81 ± 0.34 


HLIOO 


0.96 ±0.06 


8.42 ±0.02 


6.90 ±0.06 


6.28 ±0.02 


HL89 


0.90 ±0.12 


8.44 ± 0.04 


6.93 ±0.03 


6.29 ±0.03 


WR MIO 


0.96 ±0.07 


8.42 ± 0.02 


7.02 ±0.07 


6.45 ±0.03 


HL67 


1.05 ±0.14 


8.39 ±0.04 


6.94 ±0.24 


6.20 ±0.07 


HL41 


1.10 ±0.05 


8.38 ±0.02 


6.95 ±0.12 


6.04 ±0.04 


HL36 


1.64 ±0.05 


8.20 ±0.02 


6.70 ±0.14 


5.72 ±0.04 


HL22 


1.08 ±0.03 


8.38 ±0.01 


6.91 ±0.11 


5.98 ±0.03 


HL46-48 


0.87 ±0.03 


8.45 ±0.01 


7.00 ±0.09 


6.27 ±0.04 
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Ig(0/H) = 8.2 at a galactocentric distance of 0.2- 
0.5 kpc. 

Note that for four regions common to our 
measurements and that by Magrini and Gongal- 
ves (2009), the results are in good agreement. 
The nebula HL45, where our oxygen abundance 
estimate is appreciably, by almost 0.3 dox, lower, 
constitutes an exception. The high neutral oxy- 
gen abundance in this region, which may not be 
adequately taken into account in the method of 
Pettini and Pagcl (2004), is probably responsible 
for the discrepancy. 

Below, we use the density and metallicity of 

the gaseous medium found to choose appropriate 
theoretical diagnostic models. 

Comparing the Observations of IC 10 with 
Theoretical Photoionization Models 

Previously (Lozinskaya et al. 2009), we have al- 
ready noted that the diagnostic diagrams of rela- 
tive line intensities constriictcd from our long-slit 
spectroscopy agree poorly with the photoioniza- 
tion models for the gas metallicity found in IC 10, 
Z — 0.2Zq. In particular, these diagnostic dia- 
grams turned out to be in agreement with the the- 
oretical calculations by Dopita ct al. (2006) only 
for a metallicity from Z = OAZq to Z ^ (1-2)Zq. 
The comparison with the results of Cid Fernan- 
des et al. (2007) and Asari et al. (2007), who 
summarized the gas metallicity estimates for ~ 
85 000 starburst galaxies, made in Lozinskaya 
et al. (2009) also suggests that the HII regions 
in IC 10 agree excellently with the observations 
of other galaxies, but only in the range of metal- 
licitics from Z = 0.3Zq to Z = Q.QZq. Given 
the systematic shift by 0.2 dex revealed by Asari 
et al. (2007) between their metallicity estimates 
and those of Pilyugin and Thuan (2005) and Izo- 
tov et al. (2006) for 177 "common" objects, the 
lower limit of the range within which the nebulae 
of IC 10 investigated in Lozinskaya et al. (2009) 
fell is Z = 0.2Zq. Comparison of our constructed 
diagnostic diagrams with the models by Chariot 
and Longhetti (2001) also showed that the HII re- 
gions of IC 10 fell within the metallicity range 
Z = (0.2-1)^0 (Lozinskaya et al. 2009). 

The technique of theoretical diagnostic curves 
by Dopita et al. (2006) was improved in the new 
paper by Levesque et al. (2009), who modeled 



the emission spectrum of HII regions for low- 
metallicity starburst galaxies. These authors used 
the Starburst99 evolutionary synthesis code and 
the Mappings HI photoionization code (see Bi- 
nette et al. 1985; Sutherland and Dopita 1993) 
modified by Groves et al. (2004), in which the 
influence of dust on the gas ionization was thor- 
oughly taken into account. The spectral energy 
distributions for hot stars were taken according to 
the non-LTE models by Pauldrach et al. (2001) 
and Hillier and Miller (1998) with allowance made 
for the stellar wind and metal opacity. Levesque 
et al. (2009) considered the models of both a star- 
burst and continuous star formation in a medium 
with a metallicity from z = 0.001 to 2; = 0.04 and 
with a density n(H) = 100 cm"'^. The mass loss 
by O stars was taken in the form dm/dt ~ Z^/^; 
no correction for the metallicity effect was ap- 
plied for WR stars (in contrast to Martfn-Manjon 
et al. 2009; see below). 

In Figs. 3a and 3b, the results of our MPFS and 
long-slit spectroscopic observations of HII regions 
and the observational data for IC 10 from Ma- 
grini and Gongalves (2009) are compared with 
the diagnostic diagrams of relative line inten- 
sities, which are traditionally used to compare 
observations with ionization models, computed 
by Levesque et al. (2009). The calculations of 
/([OIII]A5007A)//(H/3) vs. /([NII]A6584A)/J(Ha) 
and J([SII]A6717 + 673lA)//(Ha) vs. 
J([OHI]A5007A)/I(H/3) are shown for a star- 
burst at three gas metallicities and two ages: 
t = 3 Myr and t = 5 Myr. The mean metallicity 
of IC 10 found above {Z = 0.2Zq) corresponds 
to z = 0.004; below, we will estimate the age 
adopted for our comparison based on the models 
by Martm-Manjon et al. (2009). 

As we see, the observations of nebulae in IC 10 
agree poorly with the model calculations by 
Levesque et al. (2009) for the metallicity Z = 
O.2Z0 found here from our MPFS and long-slit 
spectroscopic observations and in Magrini and 
Gongalves (2009). 

Martm-Manjon et al. (2009) used new evo- 
lutionary stellar models (PopStar) from Molla 
et al. (2009). In contrast to many other previously 
published models, these authors took the spectral 
energy distributions for O, B, and WR stars from 
Smith et al. (2002), who computed non-LTE mod- 
els by taking into account the stellar wind and 
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log([Nll]6584/Ha) log([0lll]5007,4959/HjS) 

Fig. 3. — Comparison of the observations of HII regions in IC 10 with model calculations. The filled circles, 
open circles, and triangles indicate the results of our MPFS observations, our long-slit spectroscopy, and the 
data from Magrini and Gongalves (2009), respectively. Panels (a) and (b) show the /([OIII]A5007A)//(H/3) 
vs. /([NII]A6584A)//(Ha) and /([SII]A6717 + 6731 A)//(Ha) vs. /([OIII]A5007A)//(H;3) diagnostic dia- 
grams computed by Levesque et al. (2009) for a starburst and two ages, 3 Myr (solid curves) and 5 Myr 
(dashed curves). The computations are given for three different gas metallicities (shown near the correspond- 
ing curves); z = 0.004 corresponds to the metallicity of HII regions in IC 10. Panels (c) and (d) show the 
families of /([OIII]A4959 + 5007A)//(H/3) vs. /([NII]A6584A)//(Ha) and /([SII]A6717 + 673lA)/J(Ha) vs. 
/([OIII]A4959-h5007A)//(H;3) diagnostic dia grams constructed by Martfn-Manjon et al. (2009) for z = 0.004. 
Different curves correspond to different ionizing-cluster masses within the range (0.12-2) x 1O^M0 (the low- 
est and highest masses are on the right and the left, respectively). The solid and dashed lines indicate the 
curves for Nf. ~ 10 cm~'^ and A^e — 100 cm~^, respectively. 



blanketing in a revised scale of effective temper- 
atures of O stars and, which is particularly im- 
portant, temperatures of WR stars. The emission 
line intensities in HII regions were computed us- 
ing the CLOUDY photoionization code (Ferland 
et al. 1998), with the decrease in the abundances 



of Na, Al, Si, Ca, Fe, and Ni due to the pres- 
ence of dust in the ionized region having been 
taken into account. The emission spectrum of an 
HII region during a starburst was computed by 
Martfn-Manjon et al. (2009) for seven star cluster 
masses from 0.12 x lO^M© to 2.0 x lO^M©, for 
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two densities of the interstellar medium, 10 and 
100 cm~^, in the range of cluster ages from 0.1 to 
5.2 Myr, and for five gas metallicities in the range 
from z = 0.001 to z = 0.04. 

Figures 3c and 3d show the /([OIIIJA4959 + 
5007A)//(H/3) vs. /([NII]A6584A)//(Ha) and 
/([SII]A6717 + 673lA)//(Ha) vs. /([OIII]A4959 + 
5007A)/J(H/3) diagnostic dia grams constructed by 
Martfn-Manjon et al. (2009) for z = 0.004. Dif- 
ferent curves correspond to the computations for 
different ionizing-cluster masses within the range 
(0.12-2) X 1O^M0 (the lowest and highest masses 
are on the right and the left, respectively). The 
solid and dashed lines indicate the curves for den- 
sities Ne ~ 10 cm~^ and iVg ~ 100 cm~^, respec- 
tively. Different symbols in the figure indicate 
the mentioned relative line intensities averaged 
over the individual HII regions of IC 10 that we 
found from our MPFS and long-slit spectroscopic 
observations and the estimates from Magrini and 
Gongalves (2009). 

As we see, the observations generally agree 
with the theoretical dependences for a density 
within the range Ng ~ 10-100 cm""^. Several 
points in the /([SII]A6717 + 673lA)/7(Ha) vs. 
/([OIII]A4959 + 5007A)//(H/3) diagram deviate 
from the theoretical dependence for a photoionized 
HII region toward higher sulfur line intensities. 
These points correspond to the long-slit spectro- 
grams passing over the synchrotron superbubble 
and over several faint regions. The enhanced [SII] 
line intensity here may be related to the gas emis- 
sion behind the shock front. Indeed, according to 
Lozinskaya and Moiseev (2007), the synchrotron 
superbubble is the remnant of a hypernova explo- 
sion. 

In the regions HL67, HL89, HL97, HL98, 

HLIOO and near the WR star MIO, where an en- 
hanced relative [SII] line intensity is also observed, 
we searched for high-velocity gas motions that 
would be indicative of the action of shock waves. 
For this purpose, we used our previous observa- 
tions at the 6-m SAO telescope with the SCOR- 
PIO instrument and a scanning Fabry-Pcrot inter- 
ferometer (FPI) in the Ha and [SII]A6717A lines, 
whose results are discussed in detail in Egorov 
et al. (2010). 

The results of our search are presented in Fig. 4. 
Figure 4a shows the localization of the regions 
mentioned above, where an enhanced relative in- 



tensity of the [SII]A6717 + 673lA lines is observed. 
The Ha and [SII]A6717A line profiles in these re- 
gions constructed from our FPI observations are 
presented in Fig. 4b. As follows from the figure, 
in all regions of an enhanced relative sulfur line 
intensity, weak features are actually noticeable in 
the red and blue line wings at velocities from 70 
to 160 km s~^ relative to the velocity of the peak. 
In the [SIIJA6717A line, prominent features in the 
wings are identified at the same velocities as those 
in Ha; the close coincidence of the velocities in the 
two lines is a strong argument for the reality of the 
weak features. 

The detected high- velocity motions suggest the 
action of shock waves, which can be responsible 
for the observed enhanced relative intensity of the 
[SII] lines. 

Thus, we made sure that the results of our ob- 
servations agree well with the model calculations 
by Marti'n-Manjon et al. (2009). Therefore, below 
we use the theoretical calculations from this paper 
to analyze the observational data. 

Modeling the emission spectra of HII regions 
allows such ionizing-cluster parameters as the age 
and mass as well as the ionization parameter to 
be estimated. For this purpose, we constructed 
the corresponding computed dependences using 
the data from Table 2b in the electronic version 
of the paper by Martfn-Manjon et al. (2009). We 
constructed all of the computed dependences for 
the mean electron density A^e = 100 cm~^ and 
mctallicity z = 0.004 found above. The results 
are presented in Figs. 5 and 6. 

To estimate the ages of the most reliably 
identified ionization sources in several HII re- 
gions, we used the computed age dependences 
of the line intensities J([OIII]A5007A)//(H/3) 
(Fig. 5a), /([SII]A6717A//(Ha) (Fig. 5b), and 
J([NII]A6584A)//(Ha) (Fig. 5c). As a parame- 
ter for the construction of each curve, we used the 
mass of the ionizing star cluster, which changes 
from one curve to another in the range from 
0.12 X 10^ to 2 X IO^Mq. 

As follows from the figure, all of the clusters 
considered — T54 (in the HII shell HLlll), T32 
(ionizing HL50), T52 (ionizing the region around 
the star M12), T34?, T24 and T27 (ionizing the re- 
gions HL46 and HL48), T47 and poor T43? (ioniz- 
ing HL89), and T50 and T53 (probable ionization 
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QQh 20"^ 28^ 26^ 24^ 22^ 

RA (2000) 



Fig. 4. — (a) The numbered squares indicate the locahzation of the regions where an enhanced intensity 
/([SII]A6717 + 673lA)/7(Ha) compared to the photoionization curves was revealed in Fig. 3; (b) examples 
of the Ha (upper) and [SIIJA6717A (lower) line profiles from our FPI observations (in arbitrary units). The 
observed profile and the high-velocity components identified as an excess above the Voigt wings are shown. 
The region numbers indicated at the top correspond to the numbers of the squares in panel (a) (as in Fig. 1, 
the circles and asterisks represent the star clusters and WR stars). 



sources of HL106) — have ages within the range 
from 2.5 to 5 Myr (in what follows, the sign "?" in 
Table 5 marks the clusters that are possible ion- 
ization sources of the corresponding HII region.) 
The clusters ionizing the shell HLlll and the re- 
gion HL50 are youngest. 

The use of three cluster age indicators based 
on different spectral lines in Fig. 5 shows certain 
discrepancies between them and, often, ambiguity. 
The difficulty of our estimations is compounded by 
the fact that all dependences are two-parameter 
ones (on cluster age and mass). Therefore, in de- 
termining the age, we chose the ranges of "inter- 
section" of our estimates according to three crite- 



ria, giving preference to the estimate based on the 
oxygen lines. 

As an example, we will specify the correspond- 
ing parameters for the shell HLlll. Judging by 
Fig. 5, the ages and masses of the clusters ionizing 
it lie within the following ranges: 

• from the [OIII]5007/H/3 ratio: 

t = 2.1-2.9 Myr or t = 3.6-4.1 Myr, 
M > 1.0 X IO^Mq; 

• from the [SII]6717/Ha ratio: 
t = 1.3-3.6 Myr, 

M = (0.12-2) X lO^M©; 
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Fig. 5. — Computed dependences that we constructed from the data of Table 2b presented in the electronic 
version of the paper by Martm-Manjon et al. (2009) for the electron density A^g = 100 cm^'^ and metallicity 
z = 0.004: the age dependences of the line intensities (a) /([OIII]A5007A)//(H^), (b) /([SII]A6717A//(Ha), 
and (c) /([NII]A6584A)//(Ha); (d) comparison of the observed luminosity i(H/3) for two HII regions, HLlll 
and HL106, with the computations by Martfn-Manjon et al. (2009). The corresponding masses of the ionizing 
clusters are indicated near the model curves. 
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• from the [NII]6584/Ha ratio: 
t = 0.3-2.4 Myr, 

M = (0.12-2) X lO^M©; 

• from the luminosity L(H/3): 
t = 3.0-4.3 Myr, 

M = (1.0-2.0) X IO^Mq (see below). 

Our estimate from the relative line intensity 
[Nil] 6584/Ha is least reliable, because the ni- 
trogen lines in the nebula HLlll are weak, see 
Table 3. 

Given these discrepancies, we can actually es- 
timate the age only with an accuracy of ±2 Myr. 
The scatter of cluster age estimates may be partly 
attributable to slight differences in metallicity and 
density of the HII regions associated with them 
(we neglected the possible slight differences when 
estimating the age). 

However, the choice of an age from its possi- 
ble options is facilitated considerably when Wolf- 
Rayet stars are presented in HII regions. This al- 
lows the lower age limit to be determined. In- 
deed, at z = 0.004, according to the evolutionary 
synthesis models by MoUa et al. (2009) used as a 
basis by Martm-Manjon et al. (2009), the stage 
at which the first Wolf-Rayet nitrogen-sequence 
(WN) stars appear corresponds to an age of about 
3.2 Myr; the carbon-sequence (WC) stars emerge 
1 Myr later. Since the components of the ob- 
ject M24 in the region HLlllc probably belong to 
the nitrogen sequence of Wolf-Rayet stars (Vacca 
et al. 2007), we can exclude the ionizing-cluster 
age younger than 3 Myr. 

Since the WC7-typc star RIO is localized near 
the part of the region HL106 we observed, we can 
assign an age older than 4 Myr but no greater than 
5 Myr to the ionizing cluster if we rely on the evo- 
lutionary synthesis models of the stellar popula- 
tion from Molla et al. (2009). 

Note also that we find the cluster age "at the 
time of ionization" from the spectra of HII regions. 
The ionization equilibrium time in an evolving 
HII region depends on the metallicity and den- 
sity of the medium. According to Martm-Manjon 
et al. (2009), it is about 0.2 Myr at ^ = 0.004 
and A^e = 10 cm~^ and decreases with increasing 
density. Thus, at 2: > 0.004 and the gas density 
in IC 10 found above, this time is considerably (by 
an order of magnitude!) smaller than the cluster 



age. Therefore, the ages of the ionizing cluster 
and the ionized HII region are almost equal in our 
case. 

Following the recommendations by Martfn- 
Manjon et al. (2009) regarding the technique and 
sequence of parameter determination, we esti- 
mated the ages of the ionizing clusters from the 
relative line intensities [OIII]/H^, [SII]/Ha, and 
[Nil] /Ha in the spectra of the surrounding HII re- 
gions. In doing so, we used WR stars to refine 
the lower age limit. The cluster mass can then 
be found using the computed H/3 luminosities of 
the HII region as a function of the age for clusters 
of different masses by comparing them with the 
observed luminosities in hydrogen lines. When es- 
timating the H/3 luminosity, we performed integra- 
tion over the area of the corresponding HII region 
in the MPFS field. The results are shown in Fig. 5. 
We constructed different curves in the figure from 
the data of Table 2b in the electronic version of 
the paper by Martfn-Manjon et al. (2009) for clus- 
ters of different masses. The horizontal lines in- 
dicate the luminosities of two nebulae found from 
our MPFS observations and corrected for extinc- 
tion: HLlll around the cluster T54, which in- 
cludes M24 (Hunter 4-1 and 4-2), and HL106, 
which is most likely ionized by the clusters T50 
and T53. 

We integrated the H/3 emission from the 
shell HLlll to estimate its luminosity L(H/3) ~ 
1.3 X 10"^^ erg s^^ almost over the entire nebula 
covered by the MPFS field, with the exception 
of its small area on the east. The age of the 
cluster T54, about 3-4 Myr, can be reliably esti- 
mated both from the relative line intensities men- 
tioned above and from the color indices of stars in 
Hunter (2001) and Vacca et al. (2007). Accord- 
ingly, we find the mass of the cluster T54 to be 
M c^l.Ox IO^Mq. 

The mass estimate for the clusters ioniz- 
ing HL106 is less reliable. First, only half of the 
nebula falls within the MPFS field and the lumi- 
nosity Z/(H^) = 1.0 X 10^^ erg s~^ found has a low 
accuracy. Second, the age estimates from the rela- 
tive line intensities /([OIII]/H^) and /([NII]/Ha) 
(about 4 Myr) and in Hunter (2001) (20-30 Myr) 
disagree significantly. Besides, we showed previ- 
ously (Egorov et al. 2010) that the nebula HL106 
could be an ionized shell surrounding a dense 
CO cloud. Therefore, the mass estimate for the 
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Log([Sll]6717/Ho) 



Fig. 6. — Relations between the line intensity ratio /([SII]A6717A)//(Hq;) and ionization parameter U 
constructed from the data of Table 2b in the electronic version of the paper by Martfn-Manjon et al. (2009) 
for the metallicity z = 0.004 and density A^e = 100 cm^'^. The cluster age changes along the curves from the 
upper left corner to the lower right one. The dashed vertical lines indicate the observed relative intensities 
corresponding to the HII regions. 
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clustcis T50 and T53, M ~ 0.5 x lO^M©, is only 
approximate. 

When estimating the cluster masses, we also 
took into account the positions o£ the HII regions 
in Fig. 5, where each curve corresponds to an 
age of the ionizing star cluster in the range from 
0.12 X 10^ to 2 X IO^Mq. 

The computations by Marti'n-Manjon 
et al. (2009) also allow the ionization pa- 
rameter ([/) to be estimated from the relative line 
intensity J([SII]A6717A)//(Hq;). Figure 6 shows 
the relations between the relative line intensity 
7([SII]A6717A)//(Ha) and parameter U that we 
constructed from the data of Table 2b in the 
electronic version of the above paper for the gas 
metallicity in this galaxy z = 0.004 and density 
Ne = 100 cm~^. As we see, the relation between 
these parameters is virtually independent of the 
cluster mass. The age in Fig. 6 rises along the 
merging curves from the upper left corner to the 
lower right one. The vertical lines indicate the 
values of /([SII]A6717A)/7(Ha) that we found in 
the investigated HII regions. 

For the arc HLlllc near M24, Vacca 
et al. (2007) found the flux of ionizing radia- 
tion with a wavelength shorter than 912 A to 
be g(H) = (3-6) X 10^° phot. s"!. Our esti- 
mate of the photon luminosity for the entire shell 
HLlll (HLlllc+HLllld+HLlllc) from the ob- 
served H/3 flux corrected for interstellar extinction 
is Q(H) > 3.2 X 10^1 phot, s'^ 

For a cluster age of 3 4 Myr, MoUa ct al. (2009) 
give the ratio of the photon luminosity of the ioniz- 
ing stars to the cluster mass log(Q(H) /M) = 46.75 
at z = 0.004. If the cluster mass in HLlll is 
taken to be M ~ IO^Mq, then we flnd Q{R) = 
5.6 X 10^^ phot. s"^. Thus, the estimates of the 
flux of ionizing radiation obtained from the obser- 
vations and model calculations are in good agree- 
ment. 

Table 5 presents all of the parameters of the 
clusters ionizing the most thoroughly studied 
HII regions obtained in this paper. Its respec- 
tive columns give: (1)— name of the nebula, (2) — 
ionizing cluster according to the list by Tikhonov 
and Galazutdinova (2010) (the sign "?" marks the 
clusters whose contribution is also possible), (3) — 
gas density in the nebula, (4) lino luminosity 
i(H^), (5) — cluster age, (6) — cluster mass, (7) — 



ionization parameter. 

Summarizing the results of our analysis of 
the gas emission spectrum and ionization sources 
in IC 10 based on our long-slit and MPFS obser- 
vations at the 6-m SAO telescope, we conclude the 
following. 

Our new estimates of the gas metallicity in the 
galaxy from both series of observations using the 
technique by Pettini and Pagel (2004) different 
from that in Lozinskaya et al. (2009) allowed the 
scatter of values for different nebulae to be reduced 
considerably, but they did not change the galaxy- 
averaged value of Z = Q.2Zq that we found pre- 
viously. The new estimates of the relative abun- 
dances of oxygen and nitrogen and sulfur ions in 
nebulae from our MPFS observations and refined 
estimates from long-slit spectrograms are gathered 
in Table 4. 

In Lozinskaya et al. (2009), we showed that the 
results of our observations of HII regions in IC 10 
agree poorly with the previously published model 
calculations for photoionized nebulae for the 
metallicity found. Comparison with the new im- 
proved ionization models by Levesque et al. (2009) 
showed that the observed 7([OIII]A5007A)/7(H^) 
vs. 7([NII]A6584A)/7(Ha) and vs. /([SII]A6717 + 
673lA)/7(Ha) diagnostic diagrams agree poorly 
with the computations for the gas metallic- 
ity in the galaxy that we and Magrini and 
Gongalves (2009) found. 

At the same time, comparison of the ob- 
served diagnostic diagrams of relative line inten- 
sities with the new ionization models by Martm- 
Manjon et al. (2009) showed that the observations 
of IC 10 are in good agreement with these compu- 
tations. The effect of an enhanced relative inten- 
sity /([SII])/7(Ha) in several nebulae compared to 
the model photoionized HII region that is clearly 
seen in Fig. 3 may be attributable to the contribu- 
tion from the gas emission behind the front of the 
shocks triggered by supernova explosions and stel- 
lar winds. Indeed, some of the "outlying" points 
correspond to the synchrotron superbubble — the 
remnant of a hypernova explosion (see Lozinskaya 
and Moiseev 2007). In other nebulae, where an en- 
hancement of the relative intensity 7([SII])/7(Ha) 
is also observed, our FPI observations revealed 
weak features in the Ha and [SII] line profiles at 
supersonic velocities as high as 100-150 km s~^ 
relative to the velocity of the peak, which is in- 
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Table 5: Parameters of the HII regions and the clusters ionizing them 



Region 


Cluster 


iVe, cm"^ 


L(H/3), lO^y erg s"^ 


Age, Myr 


Mass, IO^Mq 




HLlll 


T54 


70 


1.3 


3.5-4.0 


1.0-1.5 


2.5 


HL106 


T50, T53 


200 


1.0 


4.0-4.5 


>1.0 


-3.0 


HL50 


T32 


30 




3.4 3.6 or 
■I.ry 3.0 


1.5 2.0 or 
0.4 1.0 


2.47 


HLllla,b 
HLIOO 


T52 


200 




3.8-4.5 


0.2-0.6 


3.27 


HL46-48 


T34?, T24, T27 






4.0-5.0 


0.2-0.4 


-3.6 


HL89 


T47, T43? 


200 




>3 


>0.2 





dicative of the action of shock waves. A prominent 
action of shock waves in IC 10 is also suggested by 
the filamentary structure of the entire Ha emission 
region in the galaxy. 

Thus, we made sure that among the large num- 
ber of published theoretical evolutionary models 
for the emission spectrum of Hll regions during 
a starburst, our observations of the galaxy IC 10 
are in best agreement with the computations by 
Martin- Afanjon ct al. (2009). Therefore, the pre- 
sented results of our MPFS observations and our 
long-slit spectroscopic data are interpreted here 
in terms of the improved ionization models by 
these authors. Using these computations, we de- 
termined the ionization parameter and the ages 
and masses of the ionizing clusters from the spec- 
tra of several most thoroughly studied Hll regions 
in the galaxy. When estimating the age, we also 
took into account the presence of nitrogen- and 
carbon-sequence WR stars , which gives its lower 
limit. The cluster ages and masses found in the in- 
vestigated star-forming region of IC 10 lie within 
the range 2.5-5 Myr and in the range from 0.2 x 10^ 
to IO^Mq. 

CONCLUSIONS 

This paper continues the studies of the ionized 
gas emission spectrum in the Irr starburst galaxy 
IC 10 begun by Lozinskaya ct al. (2009) based on 
long-slit spectroscopy. Here, we presented new re- 
sults of our observations of selected galactic fields 
with the panoramic MPFS; we also used the re- 
sults of our observations with a long-slit spectro- 
graph and a scanning Fabry-Perot interferometer. 

To estimate the gas mctallicity in the galaxy, we 
used the method by Pettini and Pagel (2000) dif- 



ferent from that used in Lozinskaya et al. (2009). 
The gas metallicity was determined by this 
method both from our new MPFS observations 
and from our long-slit spectroscopy. The metal- 
licity estimated in this way is characterized by a 
smaller scatter of values for individual nebulae but 
it does not changes the galaxy-averaged value. 

Previously (Lozinskaya et al. 2009) , we showed 
that the results of our observations of HE regions 
in IC 10 agree poorly with the published model 
calculations for photoionized nebulae at the metal- 
licity Z = 0.2Zq found. In this paper, we made 
such a comparison with two new computed ion- 
ization models from Levessque et al. (2009) and 
Martm-Manjon et al. (2009). 

We showed that the observations of IC 10 agree 
well with the computations by Martm-Manjon 
et al. (2009). We explained the noticeable (in sev- 
eral nebulae) effect of an enhanced relative intcm- 
sity /([SII])/J(Ha) compared to the model pho- 
toionized HII region by the contribution from the 
gas emission behind the fronts of the; shocks trig- 
gered by supernova explosions and stellar winds. 
Indeed, some of the "outlying" points correspond 
to the synchrotron superbubblc the remnant 
of a hypernova explosion (Lozinskaya and Moi- 
seev 2007); in other nebulae with an enhanced 
relative intensity /([SII])//(Ha), our FPI obser- 
vation revealed weak features in the Ha and [SII] 
line profiles at supersonic speeds as high as 100- 
150 km s""'^, suggesting the action of shocks. 

Having made sure that among the large number 
of published theoretical evolutionary models for 
the emission spectrum of HII regions in a starburst 
galaxy, our observations of IC 10 agree best with 
the computations by Martm-Manjon et al. (2009), 
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we used these computations to analyze our MPFS 
and long-slit spectroscopic observations. Based on 
the ionization models of these authors, we deter- 
mined the ionization parameter and the ages and 
masses of the ionizing clusters from the spectra 
of several most thoroughly studied HII regions. 
In our estimations, wc took also into account the 
presence of WR stars, which gives a lower limit 
for the age. The cluster ages found in the inves- 
tigated star-forming region of IC 10 lie within the 
range 2.5-5 Myr, while the masses of the ionizing 
star clusters lie within the range from 0.2 x 10^ 
to lO^M©. 

After our paper was accepted for publication, a 
paper by Lopez-Sanchez et al. (2010) appeared 
(ArXivlOlO.1806) with the results of the most 
detailed spectral observations of the HLlll re- 
gion with 3.5 m telescope at Calar Alto Obser- 
vatory with a spatial resolution of 1". For the 
whole HLlll region these authors derived the 
temperature Te=10500 K, the oxygen abundance 
12-Mg(0/H) = 8.26±0.09 and the age of the recent 
star- formation episode of about 3.3 Myr - all the 
data are in full agreement with our results. The 
only discrepancy in the fluxes of hydrogen lines in 
HLlll may be due to our not too reliable abso- 
lute calibration of H/3 line. In two spaxels coincid- 
ing with WR star M24B these authors tentatively 
detected the broad Hell 4686 line produced by a 
single WNL star. At the same location a possible 
N/0 and He/H medium enrichment was found ex- 
pected for the pollution by the WR-ejecta. 
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